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Abstract 

Somatic mutations play a major role in tumour initiation and progression. The mutation status of a tumour may predict 
prognosis and guide targeted therapies. The majority of techniques to study oncogenic mutations require high quality and 
quantity DNA or are analytically challenging. Mass-spectrometry based mutation analysis however is a relatively simple and 
high-throughput method suitable for formalin-fixed, paraffin-embedded (FFPE) tumour material. Targeted gene panels 
using this technique have been developed for several types of cancer. These current cancer hotspot panels are not focussed 
on the genes that are most relevant in gynaecological cancers. In this study, we report the design and validation of a novel, 
mass-spectrometry based panel specifically for gynaecological malignancies and present the frequencies of detected 
mutations. Using frequency data from the online Catalogue of Somatic Mutations in Cancer, we selected 171 somatic 
hotspot mutations in the 13 most important genes for gynaecological cancers, being BRAF, CDKN2A, CTNNB1, FBXW7, FGFR2, 
FGFR3, FOXL2, HRAS, KRAS, NRAS, PIK3CA, PPP2R1A and PTEN. A total of 546 tumours (205 cervical, 227 endometrial, 89 
ovarian, and 25 vulvar carcinomas) were used to test and validate our panel, and to study the prevalence and spectrum of 
somatic mutations in these types of cancer. The results were validated by testing duplicate samples and by allele-specific 
qPCR. The panel presented here using mass-spectrometry shows to be reproducible and high-throughput, and is usefull in 
FFPE material of low quality and quantity. It provides new possibilities for studying large numbers of gynaecological tumour 
samples in daily practice, and could be useful in guided therapy selection. 
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Introduction 

Cancer genomes carry somatic mutations, and the mutation 
spectrum varies by tumour type and subtype [1,2]. Evaluating a 
broad range of key cancer gene mutations across diverse cancers 
has the potential for identifying clinically relevant mutations. 
Studies of melanoma, lung, colorectal, and breast carcinomas have 
shown that the somatic mutation status can be used to predict 
prognosis and guide tumour-specific treatment strategies [3-6]. 
Gynaecological malignancies represent 15-20% of all new cancer 
cases in women worldwide, and numbers continue to increase [7] , 
but the carcinogenesis of gynaecological malignancies is diverse 
and the role of somatic mutations is not yet fully elucidated [1]. 

Over the last decade, somatic mutations and their role in 
targeted therapy have been studied in gynaecological malignan- 
cies, but not yet to the same extent as in other types of cancer such 
as breast and colon cancer. Mutation profiling of gynaecological 
malignancies may identify novel drug targets and help predict 
patient prognosis and tumour response to treatment. Research has 
revealed overlapping genetic changes as well similar affected 



signalling pathways in the different types of gynaecological 
tumours [8-14]. 

When studying large numbers of patient material, we face two 
types of problems: technical applicability and tumour specificity. 
Nowadays, only a limited number of genes is screened in clinical 
practice. It is expected that this number will increase considerably 
in the near future. Therefore, a fast and trustworthy method to 
detect mutations is required. This technique must be suitable for 
DNA extracted from formalin fixed paraffin embedded (FFPE) 
tissue, which is often of low quality, or from small tissue biopsies, 
which is of low quantity. Matrix-assisted laser desorption/ 
ionization time-of-flight mass spectrometry (MALDI-TOF) has 
proved to meet all these criteria [15-17]. 

As for tumour specificity, currently, several oncogene panels 
based on different techniques are (commercially) available. These 
panels have been successfully used in studying large amounts of 
tumour samples, in order to draw the landscapes of somatic 
mutations that characterise tumour types [18-22]. A selection of 
genes and mutations relevant to tumour subtypes has successfully 
led to the design of tumour specific panels [15,16,23], As yet, there 
are no panels available that are specifically designed to target 
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gynaecological tumours. Therefore, we aimed to develop a high- 
throughput mutation panel specified for gynaecological malignan- 
cies. 

A meta-analysis of the COSMIC (Catalogue of Somatic 
Mutations in Cancer) online database [24], was performed to 
design a MALDI-TOF-based, high-throughput mutation panel 
that covers somatic mutations in 1 3 genes that are most frequendy 
reported to be involved in gynaecological malignancies. We tested 
and validated this panel in a set of 546 cervical, endometrial, 
ovarian and vulvar carcinoma samples. Here, we present the 
design of a gynaecological cancer specific panel and the 
frequencies of somatic mutations identified using it. 

Materials and Methods 

All human tissue samples in this study were used according to 
the medical ethical guidelines described in the Code for Proper 
Secondary Use of Human Tissue established by the Dutch 
Federation of Medical Sciences (www.federa.org, an English 
translation of the Code can be found here: 

http: / /www.federa.org/ sites/default/ files/ digital_version_first_ 
part_code_of_conduct_in_uk_20 1 1_1 20920 1 2.pdf). 

Patients receive information on the secondary use of tissue that 
is sampled for diagnostic use. They can actively object to 
secondary use. Accordingly to these guidelines, all human material 
used in this study has been anonymized. Because of this 
anonymization procedure, retrospective research does not require 
ethical approval from the Institutional Review Board and 
individual patients' permission is not needed. 

Panel design 

First, PubMed and COSMIC [24] searches were performed to 
select genes and mutations for inclusion in the gynaecologic- 
specific mutation panel. Selection was based on whether a 
mutation was repeatedly found to be mutated in gynaecological 
malignancies. Second, in order to cover a high percentage of the 
reported variants per gene, the most frequent mutations were 
selected to obtain a fair gynaecological-tissue-specific coverage, as 
only hotspot mutations were appropriate for analysis with the 
MALDI-TOF technique. We aimed to select genes in which for at 
least one of the studied gynaecological cancer types (e.g. vulvar, 
cervical, endometrial or ovarian cancer), at least 30% of all 
reported mutations occurred on less than 10 different sites on the 
gene. 

Establishing a gynaecologic specific 'hotspot' gene panel 
- GynCarta 1.0 

Consulting PubMed and COSMIC databases clearly showed an 
overlap in top ten genes mutated in cervical, endometrial and 
ovarian cancer. Few somatic mutation studies have been 
performed on vulvar cancer and therefore for this tumour type 
we relied on frequencies found in similar tumour types (e.g. 
squamous cell carcinoma of the skin on other sites, and squamous 
cell carcinoma of head and neck). The most frequendy mutated 
genes that met our inclusion criteria were selected for the panel. 
The first panel we designated 'GynCarta 1.0' (Sequenom, 
Hamburg, Germany) consisted of 89 assays (12 multiplexes) to 
detect 154 mutations in 12 genes that met our inclusion criteria: 
BRAF, CDKN2A, CTNNB1, FBXW7, FGFR2, FGFR3, F0XL2, 
HRAS, KRAS, MRAS, PIK3CA, and PTEN. 

Assay design 

MySequenom.com online assay design tools were used to design 
the somatic mutation detection assays. A maximum multiplex level 



of 12 assays per well was applied. If possible, the mutant allele 
extension peaks were designed as first detected allele peaks and the 
wild type extension peaks as the last detected allele peaks to reduce 
the danger of false positives from salt adducts. All assays were 
validated on wild type DNA, negative controls and selected known 
positive mutation samples. 

Mutation detection 

Mutation detection was performed at the Leiden University 
Medical Center following the manufacturer's protocol (Sequenom, 
Hamburg, Germany) as described previously [29]. Briefly, wild 
type and mutant DNA was amplified by multiplex PCR. Shrimp 
alkaline phosphatase treatment inactivated surplus nucleotides. A 
primer extension reaction (iPLEX Pro) was performed with mass- 
modified terminator nucleotides, and the product was spotted on a 
SpectroCHIP (Sequenom, Hamburg, Germany). Mutant and wild 
type alleles were then discriminated using MALDI-TOF mass 
spectrometry. 

Data analysis 

Data were analysed with MassARRAY Typer Analyser software 
(TYPER 4.0.22, Sequenom, Hamburg, Germany). Mutations 
were detected by a minimum 5% threshold of the mutant allele 
peak. Three investigators blinded to tumour identification 
manually reviewed the output, and a consensus determination 
was reached. Statistical analyses were performed with IBM SPSS 
statistics Data Editor version 20.0. The independent Students Hest 
was used to compare baseline variables, and Fisher's exact test was 
used to analyse categorical and normally distributed numerical 
data. P-values ^0.05, corresponding to 95% confidence intervals, 
were considered statistically significant. All tests were two-tailed. 

Samples 

First, a training set of 5 1 FFPE samples (26 cervical, 1 7 
endometrial, 6 ovarian and 2 vulvar cancer samples) was used to 
test the efficacy of the designed panel. After minor technical 
adjustments and improvements of the panel, the number of 
patients for each tissue type was extended. 

In total, DNA from 548 tumour samples from cervical 
(A=209), endometrial (7V=227), ovarian (jV=89), and vulvar 
(jV=25) carcinoma patients was isolated. Two cervical cancer 
samples failed for all mass spectrometry assays and were excluded 
from further analyses. The following baseline parameters were 
collected: age, FIGO (International Federation of Gynaecology 
and Obstetrics) stage, histopathological diagnosis, tumour grade if 
applicable, and human papillomavirus (HPV) positivity and type 
in cases of cervical and vulvar tumours (Table 1). 

DNA isolation 

DNA was isolated from FFPE tissue blocks for 505 samples and 
from fresh frozen (FF) tissue for 43 ovarian carcinomas. Three to 
five 0.6-mm diameter tissue cores of variable length were taken 
from the FFPE blocks from a selected area comprising ~70% 
tumour cells. In 34 samples, tumour cells were diffusely 
distributed, and therefore micro-dissection was performed on 10 
haematoxylin-stained 10-u.m sections to obtain a high percentage 
of tumour cells. DNA isolation was performed as described before 
[25] followed by DNA purification (NucleoSpin Tissue kit, 
Machery-Nagel, Germany) or was performed fully-automated 
using the Tissue Preparation System (Siemens Healthcare 
Diagnostics, NY, USA) [28]. 
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Table 1. Baseline characteristics. 









Cervical 


Endometrial 


Ovarian 


Vulvar 






carcinomas 


carcinomas 


carcinomas 


carcinomas 






/V=205 


/V=227 


/V=89 


/V=2S 


Age, median (IQR) 




43 (35-55) 


69 (65-75) 


62 (52-69) 


74 (52-80) 


FIGO stage, N (%) 


1 


159 (78) 


210 (92) 


16 (18) 


6 (24) 




II 


44 (21) 


11 (5) 


13 (15) 


8 (32) 




III 




4 (2) 


39 (44) 


7 (28) 




IV 






9 (10) 


3 (12) 




Unstaged 


2 (1) 


2 (1) 


12 (14) 


1 (4) 


Histology, W (%) 


Squamous cell carcinoma 


166 (81) 






25 (100) 




Adenocarcinoma 


24 (12) 










Adenosquamous carcinoma 


15 (7) 










Endometrioid adenocarcinoma 




206 (90) 


42 (47) 






Serous adenocarcinoma 




17 (7) 


26 (29) 






Mucinous adenocarcinoma 




2 (1) 


13 (15) 






Clear cell adenocarcinoma 




2 (1) 


6 (7) 






Mixed-type carcinoma 






2 (2) 




Grade, N (%) 


1-2 


N.A. 


179 (79) 


52 (58) 


N.A. 




3 




49 (21) 


30 (34) 




HPV, N (%) 


Positive 


186 (91) 


N.A. 


N.A. 


6 (24) 




HPV16 


1 1 7 (63) 






5 (83) 




HPV18 


42 (23) 






1 (17) 



The baseline characteristics for all 546 gynaecological malignancies included in this study. IQR = inter-quartile range; FIGO = International Federation of Gynaecology 
and Obstetrics; HPV = human papillomavirus; N.A. = not applicable. 
doi:1 0.1 371 /journal.pone.0093451 .t001 



DNA quality 

DNA of all samples was isolated and tested for quality; 493 
(90%) samples scored Si for DNA quality using PCR, and this 
was considered sufficient. Two samples, both cervical carcinomas 
with a DNA quality score of 0, failed in all assays, giving a success 
rate of 99.99%. Both samples were excluded from further analysis. 
In general, samples with low quality DNA were more likely to fail 



in some assays, but 27 out of 48 samples (56%) with DNA quality 
scores of 0 were analysed successfully in all assays, and 40 out of 48 
(83%) low quality samples were analysed successfully in more than 
90% of the assays. The percentage of successfully analysed samples 
did not differ significantly between FFPE and fresh frozen samples. 
This confirms that the MALDI-TOF mutation detection method 




Figure 1. Concordance between MALDI-TOF mutation genotyping and allele-specific qPCR results. The concordance between MALDI- 
TOF mutation genotyping (GynCarta, Sequenom, Hamburg, Germany) and allele-specific qPCR for 3 PIK3CA and 7 KRAS mutations was determined for 
1 64 (30% of the total cohort of 546 carcinomas) samples to validate the results. Concordance was calculated for all wild type-wild type matches (1 546 
in total) and all mutation-mutation matches (45 in total) in all reactions (164*10, 1640 in total). Failed reactions were excluded because comparison 
was not possible (4*3 for PIK3CA and 4*7 for KRAS; 40 in total). This lead to a concordance of (1 546+45)/( 1640-40) =0.994. WT = Wild type; MUT = 
mutant. 

doi:1 0.1 371 /journal.pone.0093451 .g001 
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Table 2. Design of GynCarta 2.0. 





GENES (13) BRAF 


CDKN2A 


CTNNB1 FBXW7 


FGFR2 


FGFR3 


FOXL2 HRAS 


KRAS 


NRAS 


PIK3CA 


PTEN 


PPP2R1A 


Mutations p.V600E 


p.R58* 


p.D32A p.R465C 


p.S252W 


p.R248C 


p.C134W p.G12A 


p.G12A 


p.G12A 


p.R88Q 


p.K6fs*4 


p.P179L 


p.V600K 


p.R58X 


p.D32G p.R465H 


P.P253R 


p.S249C 


p.G12C 


p.G12C 


p.G12C 


p.E542K 


p.E7* 


p.P179R 


p.V600R 


p.R80* 


p.D32H p.R479Q 


P.P253L 


p.G370C 


p.G12D 


p.G12D 


p.G12D 


p.E545A 


p.F37S 


P.R183G 


p.V600L 


p.D108Y 


p.D32N p.R479L 


p.Y375C 


p.S371C 


p.G12R 


p.G12F 


p.G12R 


p.E545G 


p.R84G 


P.R183W 




p.D108A 


p.D32V p.R505C 


P.C382R 


p.Y373C 


p.G12S 


p.G12R 


p.G12S 


P.E545D 


p.R130* 


P.R183Q 




p.D108C 


p.D32Y 


p.N549K 


p.A391E 


p.G12V 


p.G12S 


p.G12V 


p.E545K 


p.R130fs*4 


P.S256F 




p.WIIO* 


p.S33A 


(T>A) 


p.K650E 


p.G13C 


p.G12V 


p.G13A 


p.Q546E 


p.R130G 


P.S256Y 




P.W110X 


P.S33C 


p.N549K 


p.K650Q 


p.G13D 


p.G13A 


p.G13C 


p.Q546K 


p.R130L 


p.W257C 




p.P114L 


p.S33F 


(T>G) 


p.G697C 


p.G13R 


p.G13C 


p.G13D 


P.Q546R 


p.R130P 


P.R258H 




p.P114X 


p.S33P 


P.K659E 




p.G13S 


p.G13D 


p.G13R 


P.Q546P 


p.R130Q 








p.S33Y 






p.G13V 


p.G13R 


p.G13S 


P.Q546L 


p.R173C 








p.G34E 






p.G13X 


p.G13V 


p.G13V 


p.Y1021C 


p.R173H 








p.G34R 






p.Q61H 


p.Q61E 


p.Q61 E 


p.T1025A 


p.Q214* 








p.G34V 






(OA) 


p.Q61H 


p.Q61K 


p.T1025X 


p.R233* 








p.S37A 






p.Q61H2 


(T>A) 


p.Q61 L 


p.M1043l 


p.R234W 








p.S37C 






(C>G) 


p.Q61H 


p.Q61P 


(OA) 


p.P248fs*5 








p.S37F 






p.Q61K 


(T>G) 


p.Q61R 


p.M 10431 


p.C250fs*2 








p.S37P 






p.Q61L 


p.Q61K 




(OT) 


p.K267fs*9 








p.S37T 






p.Q61P 


p.Q61L 




p.M 1043V 


p.K267fs*31 








p.S37Y 






p.Q61R 


p.Q61P 




p.H1047L 


p.V290fs*1 








p.T41 A 








p.Q61R 




p.H1047R 


p.L318fs*2 








p.T41 1 












p.H1047Y 


p.T321fs»23 








p.T41 N 














p.N323fs*2 








p.T41 S 














p.N323fs*21 








p.S45C 














p.R335* 




p.S45F 


p.S45P 


p.S45Y 


Total (171) 4 


10 


28 5 


6 


9 


1 18 


19 


17 


20 


25 


9 


Assays (99) 2 


5 


12 4 


5 


8 


1 8 


7 


6 


13 


22 


6 



The panel GynCarta 2.0, (Sequenom, Hamburg, Germany) 
described to be involved in gynaecological malignancies 
doi:1 0.1 371/joumal.pone.0093451 .t002 



consists of 13 multiplexes containing 99 assays to detect 171 mutations in 13 genes that are most frequently 
according to a COSMIC meta-analysis. Assays that were added to create GynCarta 2.0 are depicted in bold. 



is highly suitable for the analysis of lower quality, FFPE-extracted 
DNA. 

Validation 

In total, 546 tumour samples were included in this study. To 
assess assay reproducibility, 57 (10%) samples were tested in 
duplicate and another 26 (5%) in triplicate. Of the initially 
detected mutations in these samples, 95% (40/42) was confirmed 
in duplicate and 97% (30/31) was confirmed in triplicate. Non- 
template (jV= 4) and wild type leukocyte DNA (jV= 2) controls 
were included in each multiplex to obtain negative and wild type 
MALDI-TOF spectra. Furthermore, for a random30% (163 
samples), KRAS and PIK3CA mutations were validated using 
allele-specific qPCR as described previously [26] on 7 mutation 
variants of KRAS (p.G12C, p.G12R, p.G12S, p.G12V, p.G12A, 
p.G12D, p.G13D) and 3 mutation variants of PIK3CA (p.E542K, 
p.E545K, p.H1047R), and a concordance rate of 99.4% was 
attained, (figure 1) The GynCarta panel detected more mutations 
than allele specific qPCR did. This could be explained by the fact 



that mass spectrometry is able to detect mutant alleles with a lower 
frequency (down to 5%) than allele-specific PCR is (down to 20%). 
The fact that we did not find any mutations in the wild type 
control DNA, or in any of the H 2 0 negative controls strengthens 
our belief that these additional mutations are true mutations rather 
than false positives. 

Improving the panel and creating GynCarta 2.0 

With the first mutational data from GynCarta 1 .0 and literature 
reports of new oncogenic mutations, we were able to improve the 
GynCarta 1.0 panel by removing assays of mutations that were not 
detected {CDKN2A D108Y, D108XA, Y108XC; FGFR3 Y373C, 
A391E, K650Q, K650E, K650T, K650M, S371C; KRAS G13S 
and NRAS G13V, G13A, G13D, G13C, G13R, G13S) and by 
adding 10 new hotspot mutations of the already included genes. 
This way, the coverage of FGFR2 and PIK3CA was increased from 
59% to 71% and from 72% to 76%, respectively. Furthermore, 
assays that had shown to be difficult to interpret because of small 
artefact peaks were improved. During the testing and validation 
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Table 3. Mutation Frequencies as detected by GynCarta 2.0. 



Tissue 


CC 1 


EC 2 


oc 3 


vc 4 


Total 


Tissue 


CC 


EC 


OC 


vc 


Total 


Gene 


«=205 


/V=227 


N=89 


N=15 


/V=546 


Gene 


/V=205 


N=in 


N=89 


/V=25 


/V=546 


PIK3CA 5 


50 (24) 


67 (30) 


10 (11) 


1 (4) 


128 (23) 


CTNNB1 5 


7 (3) 


33 (15) 


3 (3) 


0 


43 (8) 


p.E545K 


33 


13 


1 


1 


48/542 


p.S37F 


1 


10 


0 


0 


11/537 


p.H1047R 


2 


13 


5 


0 


20/542 


p.S45F 


1 


5 


0 


0 


6/543 


p.E542K 


15 


3 


1 


0 


1 9/542 


p.G34R 


2 


1 


0 


0 


3/537 


p.R88Q 


1 


16 


1 


0 


1 8/542 


p.T41A 


1 


3 


0 


0 


4/546 


p.M1043l(T) 


0 


5 


1 


0 


6/535 


p.D32V 


0 


2 


0 


0 


2/543 


p.Q546R 


0 


3 


1 


0 


4/468 


p.D32Y 


0 


2 


0 


0 


2/543 


p.Y1021C 


0 


4 


0 


0 


4/538 


p.S33F 


0 


2 


0 


0 


2/542 


p.T1025A 


0 


4 


0 


0 


4/530 


p.D32N 


1 


1 


0 


0 


2/543 


p.H1047Y 


0 


3 


0 


0 


3/541 


p.S37C 


0 


1 


1 


0 


2/537 


p.E545A 


0 


2 


0 


0 


2/542 


p.T41l 


1 


0 


0 


0 


1/542 


p.Q546K 


0 


2 


0 


0 


2/537 


p.S37P 


0 


1 


0 


0 


1/544 


p.Q546L 


0 


1 


0 


0 


1/468 


p.D32H 


0 


1 


0 


0 


1/543 


p.MI 0431(A) 


0 


1 


0 


0 


1/535 


p.S33A 


0 


1 


0 


0 


1/544 


p.M 1043V 


0 


1 


0 


0 


1/490 


p.S33C 


0 


1 


0 


0 


1/542 


p.H1047L 


0 


1 


0 


0 


1/542 


p.S33Y 


0 


1 


0 


0 


1/542 


PTEN 5 


5 (2) 


89 (39) 


3 (3) 


0 


97 (18) 


p.G34V 


0 


1 


0 


0 


1/542 


p.R130G 


1 


35 


1 


0 


37/542 


p.S45P 


0 


1 


0 


0 


1/542 


p.R130fs*4 


0 


19 


2 


0 


21/545 


p.G34E 


0 


0 


1 


0 


1/542 


p.L318fs*2 


0 


10 


0 


0 


10/542 


p.S37Y 


0 


0 


1 


0 


1/537 


p.R233* 


0 


7 


0 


0 


7/543 


PPP2R1A 5 


7 (3) 


18 (8) 


2 (2) 


0 


27 (5) 


p.R130* 


1 


5 


0 


0 


6/542 


p.R258H 


5 


3 


0 


0 


8/493 


p.T323fs*2 


0 


5 


0 


0 


5/542 


p.R183W 


1 


6 


0 


0 


7/490 


p.R173C 


0 


4 


0 


0 


4/540 


p.P179L 


0 


5 


0 


0 


5/490 


p.R173H 


0 


2 


1 


0 


3/539 


p.P179R 


2 


1 


1 


0 


4/490 


p.E7* 


0 


3 


0 


0 


3/545 


p.R183Q 


0 


2 


0 


0 


2/463 


p.K267fs*31 


1 


2 


0 


0 


3/542 


p.S256F 


0 


1 


1 


0 


2/463 


p.R130L 


0 




0 


0 


1/544 


FBXW7 


3 (1) 


12 (5) 


1 (1) 


0 


16 (3) 


p.R130P 


0 




0 


0 


1/544 


p.R465H 


2 


6 


1 


0 


9/536 


p.R234W 


1 




0 


0 


2/495 


p.R465C 


1 


3 


0 


0 


4/540 


p.K267fs*9 


0 




0 


0 


2/536 


p.R505C 


0 


3 


0 


0 


3/542 


p.Q214* 


1 




0 


0 


2/544 


FGFR2 


1 «D 


13 (6) 


1 (1) 


0 


15 (3) 


p.P248fs*5 


0 




0 


0 


1/545 


p.S252W 


0 


9 


1 


0 


1 0/533 


p.V290fs*1 


0 




0 


0 


1/542 


p.K659E 


0 


2 


0 


0 


2/492 


KRAS 


9 (4) 


39 (17) 


16 (18) 


0 


64 (12) 


p.N549K (A) 


1 


1 


0 


0 


2/491 


p.G12V 


2 


10 


8 


0 


20/544 


p.N549K (G) 


0 


1 


0 


0 


1/541 


p.G12D 


4 


13 


3 


0 


20/544 


CDKN2A 


5 (2) 


0 


1 (1) 


3 (12) 


9 (2) 


p.G13D 


0 


8 


0 


0 


8/544 


p.R58* 


3 


0 


0 


1 


4/535 


p.G12C 


1 


3 


2 


0 


6/544 


p.R80* 


0 


0 


0 


2 


2/535 


p.G12A 


0 


4 


1 


0 


5/544 


p.WIIO* 


1 


0 


1 


0 


2/541 


p.Q61H(G) 


0 


1 


1 


0 


2/542 


p.P114L 


1 


0 


0 


0 


1/540 


p.G12S 


1 


0 


0 


0 


1/544 


NRAS 


1 «D 


6 (3) 


1 (1) 


0 


8 (1) 


p.G12R 


0 


0 


1 


0 


1/544 


p.G12S 


0 


2 


0 


0 


2/542 


p.G13S 


1 


0 


0 


0 


1/465 


p.Q61L 


0 


2 


0 


0 


2/541 














p.Q61K 


0 


1 


1 


0 


2/541 














p.Q61R 


1 


0 


0 


0 


1/541 














p.G12D 


0 


1 


0 


0 


1/538 
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Table 3. Cont. 



Tissue 


CC 1 


EC 2 


OC 3 


VC 4 


Total 


Tissue 


CC 


EC 


OC 


VC 


Total 


Gene 


/V=205 


/V=227 


N=89 


N=15 


/V=546 


Gene 


/V=205 


N=in 


N=89 


/V=25 


/V=546 














HRAS 


0 


0 


0 


2 (8) 


2 «1) 














p.G12D 


0 


0 


0 


2 


2/538 














FGFR3 


1 «D 


0 


0 


0 


1 KD 














p.S249C 


1 


0 


0 


0 


1/523 














BRAF 


0 


0 


0 


0 


0 














FOXL2 


0 


0 


0 


0 


0 



'Cervical, Endometrial, 3 ovarian, and "vulvar carcinomas. 5 1 cervical and 5 endometrial samples had 2 PIK3CA mutations, and 11 endometrial samples had 2 PTEN 
mutations in the same tumour. One endometrial sample had 2 CTNNB1 mutations and 1 cervical sample had 2 PPP2R1A mutations in the same tumour. Frequencies 
presented as N(%), where N represents the number of samples showing the mutation. Mutations that were included in the panel but were not detected are not shown. 
doi:1 0.1 371/journal.pone.0093451 .t003 



period, PPP2R1A, a new gene of interest, had emerged from the 
literature [27-29]. Nine mutations of this gene were also added to 
the panel, thus creating 'GynCarta version 2.0'. A complete 
overview of the mutations included in the GynCarta 2.0 mutation 
panel is given in table 2, with the added assays listed in bold. 
The assays for GynCarta 2.0 were organised in such a way, that 
a total of 13 multiplexes could be used to analyse the full 
panel, concentrating the new assays on 4 multiplexes. These 4 
multiplexes were used to analyse the 497 samples of the 
confirmation set. 

Results 

Mutations identified using GynCarta 1.0 and 2.0 

Mutation genotyping using GynCarta 1.0 revealed 395 muta- 
tions in 273 (50%) samples. The most mutations were detected in 
endometrial carcinomas (177 samples (64%)), followed by ovarian 
carcinomas (33 samples (37%)), cervical carcinomas (67 samples 
(33%)), and vulvar carcinomas (5 samples (20%)). PIK3CA was 
mutated most frequendy (122 samples), followed by PTEN (97 
samples) and ERAS (64 samples). No mutations were found in 
BRAF and FOXL2. 

Mutation genotyping using GynCarta 2.0 detected an addition- 
al 36 mutations: 4 on FGFR2 and 5 on PIK3CA. PPP2R1A 
mutations were detected in 2 7 samples (7 cervical, 1 8 endometrial, 
2 ovarian and 0 vulvar samples). 

Since panel version 1.0 and 2.0 had some overlapping assays, 
we were able to compare the results of both panels. We did not 
detect any discrepant mutation calls, but we were able to analyse 
assays that were hard to interpret in GynCarta 1.0 because these 
assays had improved in GynCarta 2.0. We also obtained successful 
output for 3 samples that had failed in GynCarta 1.0. The 
mutation frequencies for each locus are summarized in table 3. 
The mutation spectrum is visualised in figure 2. 

The detected mutation frequencies were compared with the 
predicted numbers of mutations based on the frequencies reported 
in the COSMIC database [23] and corrected for the panel 
coverage (Table 4). PIK3CA mutations were detected twice as 
frequently as predicted in cervical cancer (jV= 23 predicted and 
jV=51 detected) and in endometrial cancer (jV= 32 predicted and 
jV=71 detected). PTEN mutations were also detected more 
frequently in endometrial cancer than predicted (jV= 35 predicted 
and N— 104 detected). However, no PTEN mutations were 
detected in vulvar cancer although N= 8 mutations were predicted 
[19]. 



Furthermore, no BRAF or FOXL2 mutations were detected in 
this cohort, despite the high coverage of both genes by the panel. 
This could be explained by the fact that FOXL2 is strongly 
associated with granulosa cell tumours of the ovary [30], a subtype 
of ovarian cancer that was excluded from our study cohort. 

GynCarta 2.0 can be used in differentiating tumour types 

A visual illustration summarising the mutation frequencies in the 
different tumour types is depicted in figure 2. As shown in figure 2, 
gynaecological tumours show considerable overlap in somatic 
mutations, though tissue specific profiles can also be appreciated. 

Endometrial cancers have the highest mutation frequency, with 
78% of the samples carrying at least one mutation. As predicted, 
the most frequently mutated genes in gynaecological cancers are 
genes of the pAKT/mTOR pathway, but within this pathway, the 
mutational frequencies vary between tumour types. For ovarian 
cancer, RRAS is the most frequently mutated gene (18%), whereas 
PIK3CA is mosdy affected in cervical cancer (24%) and PTEN in 
endometrial cancer (39%). Although the numbers of vulvar 
carcinomas included are small, vulvar cancer seems to have a 
different mutational spectrum as compared to other gynaecolog- 
ical malignancies with CDKN2A (12%) and HRAS (8%) most often 
affected. 

An interesting difference can be observed when comparing 
PIK3CA distribution between cervical cancers and the other 
tumour types. In endometrial (and ovarian cancer), PIK3CA 
mutations are found most frequendy on hotspots located on exon 9 
and exon 20, with an even distribution between these exons (33% 
and 45%). In cervical cancer however, mutations almost 
exclusively occur on loci on exon 9 (47 out of 50 (94%) PIK3CA 
mutations). This clear difference (p<0.0001) can be used in clinical 
practice, when differentiating primary cervical cancer from 
primary endometrial cancer. 

Discussion 

The demand for individualized cancer therapy has increased in 
recent years. New genotyping techniques allow tumours to be 
characterized based on their genomic profiles, which has revealed 
new targets for tumour-specific treatment, provided insights into 
tumour response to chemo- and radiotherapies, and helped predict 
patient outcome [3-6,9,12,14]. Gynaecological malignancies 
account for 15-20% of all malignancies in women worldwide 
[7]. The clinical consequences of somatic mutations in various 
gynaecological malignancies are not yet fully understood. In the 
present study, we designed a panel that is highly specific for a 
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COHORT 


GENE 


W* 


% 


Cervical cancer W=205 


Any Mutation 


73 


36% 




PIK3CA 


50 


24% 




PTEN 


5 


2% 




KRAS 


9 


4% 




CTNNB1 


7 


3% 




PPP2R1A 


7 


3% 




FBXW7 


3 


1% 




FGFR2 


1 


<1% 




CDKN2A 


5 


2% 




NRAS 


1 


<1% 




HRAS 


0 






FGFR3 


1 


<1% 


Endometrial cancer N=227 


Any Mutation 


178 


78% 



25% 



PIK3CA 

PTEN 

KRAS 

CTNNB1 

PPP2R1A 

FBXW7 

FGFR2 

CDNK2A 

NRAS 

HRAS 

FGFR3 



67 
89 
39 
33 
18 
12 
13 

0 

6 

0 

0 



30% 
39% 
17% 
15% 
8% 
5% 
6% 

3% 



MUTATION SPECTRUM 

50% 75% 




100% 



Ovarian cancer N=89 



Any Mutation 33 37% 



PIK3CA 

PTEN 

KRAS 

CTNNB1 

PPP2R1A 

FBXW7 

FGFR2 

CDKN2A 

NRAS 

HRAS 

FGFR3 



10 

3 

16 

3 

2 

1 

1 

1 

1 

0 

0 



11% 
3% 

18% 
3% 
2% 
1% 
1% 
1% 
1% 



f 



Vulvar cancer W=25 



Any Mutation 



20% 



PIK3CA 

PTEN 

KRAS 

CTNNB1 

PPP2R1A 

FBXW7 

FGFR2 

CDKN2A 

NRAS 

HRAS 

FGFR3 



4% 



12% 
8% 



Figure 2. Mutation Spectrum. The spectrum and frequencies of mutations identified using MALDI-TOF in 546 gynaecological carcinomas. The 
mutation spectrum is shown (from top to bottom) for cervical (N = 205), endometrial (W = 227) : ovarian (N = 89), and vulvar carcinomas (W = 25). From 
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left to right, N is the number of samples with the mutation, '%' is the percentage of mutated samples within the cohort, and bars represent the 
percentages graphically: blue, 4 mutations per sample (N = 6); red, 3 mutations per sample (W = 29); green, 2 mutations per sample (N = 65); and 
yellow, 1 mutation per sample (N = 189). 
doi:1 0.1 371 /journal.pone.0093451 .g002 



broad range of gynaecological cancers, to investigated the tumour- 
specific mutation spectrum of 162 mutations of 13 genes. Using 
this panel, we found that in this series somatic mutations were 
present in 36% of all cervical carcinomas, in 78% of endometrial 
carcinomas, in 37% of ovarian carcinomas and in 20% of vulvar 
carcinomas. 

Somatic mutation spectra were investigated previously in 
gynaecological cancers also using MALDI-TOF [17,18,22,31- 
33]. However, most of those studies used generic cancer gene 
panels based on the reported frequencies in all solid tumours or 
used pre-existing panels that were designed for general oncology 
[17,22,31-33]. These pre-existing, commercially available panels 
are not adjusted to the field of gynaecological oncology, with the 
disadvantage of containing genes that are not involved in 
gynaecological cancers such as FLT3 and KIT, or omitting genes 
that have shown to be involved relatively frequent in gynaecolog- 
ical cancer, such as PIK3CA. Therefore, we created a MALDI- 
TOF-based mutation panel designed specifically to detect a wide 
range of the most common hotspot mutations that have been 
reported in various types of gynaecological tumours. Similar 
mutation panels have been designed specifically for melanomas, 
colon carcinomas and non-small cell lung cancer [15,16,20]. By 
using a gynaecological specific panel, we studied only relevant 
mutations, including for example PIK3CA and PPP2R1A that are 
not incorporated in general panels such as the OncoCarta 
(Sequenom, Hamburg, Germany) and with a better and more 
specific coverage (for e.g CT.NNB1). As a result, the reported 
frequencies of gene-involvement can differ substantially. For 
example, in our series of endometrial cancer, a KRAS mutation 
rate of 17% was detected. This is in contrast to the study of Cote et 
al [32] that, using a generic onco-panel, reports a KRAS mutation 
rate of only 1 % in endometrial cancer. From other studies using 
different techniques, it is known that KRAS is mutated in 15-20% 
of all endometrial cancers [18,34]. This example shows that the 
reliability of studies using a MALDI-TOF approach is seriously 
influenced by the choice and the extent of coverage of the genes 
incorporated in the panel. 

Satisfactory coverage of the genes in our panel was achieved for 
the mutations we studied, and the mutation spectra generated in 
this study are thus a reliable representation of the mutation 
frequencies in gynaecological malignancies in the genes that are 
selected for this panel. However, some relevant genes, such as 
TP.53 and ARID la, [8,13,34-39] were not included in our panel, 
because they did not fulfil the criterium of a "hotspot gene". Both 
genes have mutations scattered widely throughout the gene and 
were therefore not suited for a MALDI-TOF approach. There are 
some loci in TP53 and ARIDla that are more frequently mutated; 
however these cover no more than 20% of all its known mutations. 
Including some of these loci in our panel would underestimate the 
true mutational frequency of these genes in gynaecologic cancers. 
Their mutation frequencies could be studied better using other 
detection methods, such as Sanger sequencing or by next 
generation sequencing (NGS). 

We did decide to include 22 assays for the tumour suppressor 
gene PTEN, resulting in a 40% coverage, which could be 
considered suboptimal using this approach. The mutation 
frequency reported here is therefore likely underestimating the 
true somatic mutational frequency of PTEN. Additionally, loss of 
PTEN can also be caused by other molecular alterations, such as 



LOH and promoter hypermethylation [40]. Therefore, the 
additional use of other techniques such as immunohistochemistry 
is advised to evaluate the true status of PTEN. 

CDKN2A is not truly a hotspot mutated gene too, but it was 
added to the panel because of its high predicted relevance in 
vulvar cancer, and because we expected to obtain a fair coverage 
of the gene. Tumours included in the COSMIC database 
frequently show complete loss of, or large deletions in the CDKN2A 
gene, a type of mutation that is not easily detectable by MALDI- 
TOF mass spectrometry. However, since CDKN2A mutations in 
squamous cell carcinoma of the skin are reported to be more often 
point mutations than (large) deletions, we believe that adding 
CDKN2A point mutations to the panel can give valuable 
information, especially for vulvar cancer. Although numbers are 
very low, results from research on CDKN2A imutations in vulvar 
and penile squamous cell carcinoma strengthen this hypothesis 
[41]. 

FBXW7 appears to have a low coverage by the panel, but this is 
influenced by the fact that it has been investigated and found to be 
mutated in relatively small numbers of gynaecological tumours. 
When considering the large numbers of available data from 
research in colon cancer, the expected coverage is approximately 
35%. 

Novel technologies such as next generation sequencing are able 
to detect mutations in multiple genes without preselecting and can 
therefore overcome the limitations of a mass-spectrometry 
approach. With NGS, complete genes of interest can be analysed 
and therefore all mutations will be found. However, bioinformatic 
analysis of the data produced by NGS can be challenging and is 
currently still in development. Additionally, differentiating be- 
tween non-pathogenic somatic variants and pathogenic mutations 
can be time consuming and complex [42]. In comparison, 
MALDI-TOF data analysis is much more straightforward, 
particularly when analysing mutations with known clinical 
relevance. The panel we present here covers the most frequent 
mutations in gynaecological cancers, with a few exceptions. The 
mutation spectra we have detected are comparable to the spectra 
reported in NGS and exome sequencing studies that focus on 
gynaecological cancers [8,43,44] . Therefore, MALDI-TOF mass- 
spectrometry has potential for use in a clinical setting, to detect the 
mutational status of relevant genes in a fast and reliable way. 
Another clear advantage of mass spectrometry based mutation 
analysis is the flexibility to add and delete assays from a panel, as 
also shown in this report, so new insights or clinical demands can 
be adopted easily. 

The somatic mutation landscape of gynaecologic cancers 
produced by this study (figure 2) and by publicly available 
mutation libraries show overlapping and distinguishing mutation 
profiles between gynaecologic tumours. Mutations in the PI3K7 
Akt-pathway are frequent and overlap, however some distinguish- 
ing mutations were identified. An example is the finding that 
PIK3CA exon 20 mutations only rarely occur in cervical cancer, 
whereas they are a frequent finding in endometrial cancers. This 
finding may be of value in a clinical setting, when there is 
uncertainty about the tumours primary origin, particularly in 
cervical adenocarcinomas that are HPV negative and located in 
the low uterine segment of the uterus. It illustrates that somatic 
mutational information may be useful for classifying tumours [45] . 
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Somatic mutation profiling can also reveal new insights into 
tumour types that are not well characterised yet, such as vulvar 
cancer. Vulvar cancer is a rare disease that can arise through an 
HPV-dependent or an HPV-independent pathway. The carcino- 
genesis of HPV-independent vulvar carcinomas is largely un- 
known. In the present study, 25 vulvar carcinomas (of which 19 
HPV-negative tumours) were analysed, and one PIK3CA, 3 
CDKN2A, and 2 HRAS mutations were detected in the HPV- 
negative carcinomas. No mutations were detected in any of the 1 3 
investigated genes in the 6 HPV-positive tumours. The mutation 
spectrum of vulvar cancer seems different from the spectrum of 
other gynaecological cancers, but shows similarities to the 
mutation spectrum of squamous cell carcinoma's of the head 
and neck [46], a tumour type that shares morphological and 
etiological characteristics with vulvar squamous cell carcinoma. 
The fact that vulvar cancer does not arise in Mullarian originated 
structures, as the other three tumour types in this study do, could 
also be an explanation for the differences in the spectrum that we 
have detected. The results of our study prompt further investiga- 
tion of the roles of HRAS and CDKN2A in vulvar cancer. 

In conclusion, we designed, validated and used a novel mass 
spectrometry-based mutation panel to identify somatic mutations 
in a large cohort of gynaecological malignancies. We have shown 
that this new panel is reproducible, high-throughput, and suitable 
for low quality and quantity DNA from FFPE samples. Our data 
support the potential for somatic mutation profiles as a tool to 

References 

1. Berek JS, Hacker NF (2010) Gynecologic Oncology. Philadelphia: Lippincott 
Williams & Wilkins. 

2. Stratton MR, Campbell PJ, Futrcal PA (2009) The cancer genome. Nature 458: 
719-724. 

3. Chapman PB, Hauschild A, Robert C, Haancn JB, Ascicrto P, ct al. (2011) 
Improved survival with vcmuratcnib in melanoma with BRA1 ; V600E mutation. 
N EnglJ Med 364: 2507-2516. 

4. Dc Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, ct al. (2010) 
Effects of KRAS, BR\F, NRAS, and PIK3CA mutations on the efficacy of 
cetuximab plus chemotherapy in chemotherapy-refractory metastatic colorectal 
cancer: a retrospective consortium analysis. Lancet Oncol 11: 753-762. 

5. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto R\, ct al. (2004) 
Activating mutations in the epidermal growth factor receptor underlying 
responsiveness of non-small-cell lung cancer to gefftinib. N EnglJ Med 20;350: 
2129-2139. 

6. Santarpia L, Qi Y, Stemke-Hale K, Wang B, Young EJ, ct al. (2012) Mutation 
profiling identifies numerous rare drug targets and distinct mutation patterns in 
different clinical subtypes of breast cancers. Breast Cancer Res Treat 134: 333- 
343. 

7. Jemal A, Bray F, Center MM, Fcrlay J, Ward E, et al. (2011) Global cancer 
statistics. CA Cancer J Clin 61: 69-90. 

8. Cancer Genome Atlas Research Network (201 1) Integrated genomic analyses of 
ovarian carcinoma. Nature 474: 609—615. 

9. Dutt A, Salvescn HB, Chen TH, Ramos AH, Onofrio RC, ct al. (2008) Drug- 
sensitive FGFR2 mutations in endometrial carcinoma. Proc Natl Acad Sci USA 
105: 8713-8717. 

10. Gcmignani ML, Schlacrth AC, Bogomolniy F, Barakat RR, Lin O, et al. (2003) 
Role of KRAS and BRAF gene mutations in mucinous ovarian carcinoma. 
Gynecol Oncol 90: 378-381. 

11. Holway AH, Rieger-Christ KM, Miner WR, Cain JW, Dugan JM, et al. (2000) 
Somatic mutation of PTEN in vulvar cancer. Clin Cancer Res 6: 3228-3235. 

12. Mclntyre JB, Wu JS, Craighead PS, Phan T, Kobcl M, ct al. (2013) PIK3CA 
mutational status and overall survival in patients with cervical cancer treated 
with radical chemoradiothcrapy. Gynecol Oncol 128: 409^414. 

13. Nout RA, Bosse T, Creutzberg CL, Jurgenliemk-Schulz IM, Jobsen JJ, et al. 
(2012) Improved risk assessment of endometrial cancer by combined analysis of 
MSI, PI3K-AKT, Wnt/beta-catenin and P53 pathway activation. Gynecol 
Oncol 126: 466-473. 

14. Wcgman P, Ahlin C, Sorbe B (2011) Genetic alterations in the K-Ras gene 
influence the prognosis in patients with cervical cancer treated by radiotherapy. 
IntJ Gynecol Cancer 21: 86-91. 

15. Ding L, Gctz G, Wheeler Da, Mardis ER, McLellan MD, et al. (2008) Somatic 
mutations affect key pathways in lung adenocarcinoma. Nature 455. 

16. Dutton-Rcgcstcr K, Irwin D, Hunt P, Aoude LG, Tcmbc V, ct al. (2012) A high- 
throughput panel for identifying clinically relevant mutation profiles in 
melanoma. Mol Cancer Ther 11: 888-897. 



classify tumour types within the gynaecological tract. Furthermore, 
our results revealed that the PI3K-Akt signalling pathway is most 
prominently affected in gynaecological malignancies, justifying 
further investigation of PT3KI AKT/ mTOR targeting therapies in 
gynaecological oncology. Future studies are required to determine 
whether this panel can be used to predict effective individualized, 
tumour-specific, and targeted treatment approaches. 

Acknowledgments 

We would like to thank Dr. E. S. Jordanova from the Department of 
Pathology for her valuable contributions to the design of this study and 
Prof. Dr. A. A. W. Peters, Dr. K. N. Gaarenstroom, Dr. M. I. E. van 
Poelgeest, and Dr. C. D. de Kroon from the Department of Gynaecology 
for their contributions to patient care and for their help in the registration 
of patient characteristics. We acknowledge Prof. Dr. C. L. Creutzberg and 
Dr. R. A. Nout from the Department of Medical and Radiation Oncology 
for help in providing the patient characteristics of the endometrial cancer 
patients. 

Author Contributions 

Conceived and designed the experiments: MDT V. Spaans SC RvE TvW 
TB V. Smit CJF. Performed the experiments: MDT V. Spaans SC DK 
EMO NterH RvE SM TB ES. Analyzed the data: MDT V. Spaans SC 
RvE SM TB ES. Contributed reagents/materials/analysis tools: JBT SM. 
Wrote the paper: MDT V. Spaans SC TvW TB V. Smit CJF ES. Patient 
selection: JBT. 



17. MacConaill LE, Campbell CD, Kehoe SM, Bass AJ, Hatton C, ct al. (2009) 
Profiling critical cancer gene mutations in clinical tumor samples. PLoS One 4: 
c7887. 

18. Garcia-Dios DA, Lambrcchts D, Coencgrachts L, Vandenput I, Capoen A, et al. 

(2013) High-throughput interrogation of PIK3CA, PTEN, KRAS, FBXW7 and 
TP53 mutations in primary endometrial carcinoma. Gynecol Oncol 128: 327- 
334. 

19. Macng CH, Lee J, Van Hummclcn P, Park SH, Palcscandolo E, ct al. (2012) 
High-throughput genotyping in metastatic esophageal squamous cell carcinoma 
identifies phosphoinositide-3-kinasc and BRAF mutations. PLoS One 7: c41655. 

20. Fumagalli D, Gavin PG, Taniyama Y, Kim SI, Choi HJ, ct al. (2010) A rapid, 
sensitive, reproducible and cost-effective method for mutation profiling of colon 
cancer and metastatic lymph nodes. BMC Cancer 10:101. doi: 10.1186/1471- 
2407-10-101: 101-110. 

21. Cottrell CE, Al-Kateb H, Bredemcyer AJ, Duncavagc EJ, Spencer DH, et al. 

(2014) Validation of a next-generation sequencing assay for clinical molecular 
oncology. J Mol Diagn 16: 89-105. 

22. Krakstad C, Birkeland E, Seidel D, Kusonmano K, Petersen K, et al. (2012) 
High-throughput mutation profiling of primary and metastatic endometrial 
cancers identifies KRAS, FGFR2 and PIK3CA to be frcquendy mutated. PLoS 
One 7: c.52795. 

23. Kanagal-Shamanna R, Portier BP, Singh RR, Routbort MJ, Aldape KD, ct al. 
(2013) Next-generation sequencing-based multi-gene mutation profiling of solid 
tumors using fine needle aspiration samples: promises and challenges for routine 
clinical diagnostics. Mod Pathol 10. 

24. Forbes SA, Bhamra G, Bamfbrd S, Dawson E, Kok C, ct al. (2008) The 
Catalogue of Somatic Mutations in Cancer (COSMIC). Curr Protoc Hum 
Genet Chapter 10:Umt 10.11. doi: 10.1002/0471 142905.hgl01 ls57: Unit. 

25. dc Jong AE, van Puijcnbrock M, Hcndriks Y, Tops C, Wijncn J, ct al. (2004) 
Microsatellitc instability, inimunohistochcmistry, and additional PMS2 staining 
in suspected hereditary nonpolyposis colorectal cancer. Clin Cancer Res 10: 
972-980. 

26. van Eijk R, Licht J, Schrumpf M, Talebian YM, Ruano D, et al. (201 1) Rapid 
KRAS, EGFR, BRAF and PIK3CA mutation analysis of fine needle aspirates 
from non-small-ccll lung cancer using allcle-spccific qPCR. PLoS One 6: 
cl7791. 

27. Nagcndra DC, Burke J, III, Maxwell GL, Risinger JI (2012) PPP2R1A 
mutations are common in the serous type of endometrial cancer. Mol Carcinog 
51: 826-831. 

28. Shih I, Panuganti PK, Kuo KT, Mao TL, Kuhn E, ct al. (2011) Somatic 
mutations of PPP2R1A in ovarian and uterine carcinomas. Am J Pathol 178: 
1442-1447. 

29. McConechy MK, Anglesio MS, Kalloger SE, Yang W, Scnz J, ct al. (2011) 
Subtype-specific mutation of PPP2R1A in endometrial and ovarian carcinomas. 
J Pathol 223: .567-573. 



PLOS ONE | www.plosone.org 



10 



March 2014 | Volume 9 | Issue 3 | e93451 



Rapid Screening for Mutations in Gynaecological Tumours 



30. Shah SP, Kobcl M, Scnz J, Morin RD, Clarke BA, et al. (2009) Mutation of 
FOXL2 in granulosa-ccll tumors of the ovary. N EnglJ Med 360: 2719-2729. 

3 1 . Thomas RK, Baker AG, Debiasi RM, Winckler W, Laframboise T, et al. (2007) 
High-throughput oneogene mutation profiling in human cancer. Nat Genet 39: 
347-351. 

32. Cote ML, Atikukke G, Ruterbusch JJ, Olson SH, Sealy-Jefferson S, ct al. (2012) 
Racial differences in oncogene mutations detected in carly-stagc low-grade 
endometrial cancers. Int J Gynecol Cancer 22: 1367-1372- 

33. Wright AA, Howitt BE, Myers AP, Dahlbcrg SE, Palescandolo E, ct al. (2013) 
Oncogenic mutations in cervical cancer: genomic differences between 
adenocarcinomas and squamous cell carcinomas of the cervix. Cancer 119: 
3776-3783. 

34. Lax SF, Kendall B, Tashiro H, Slebos RJ, Hedrick L (2000) The frequency of 
p53, K-ras mutations, and microsatcllitc instability differs in uterine endome- 
trioid and serous carcinoma: evidence of distinct molecular genetic pathways. 
Cancer 88: 814-824. 

35. Tornesello ML, Buonaguro L, Buonaguro FM (2013) Mutations of the TP53 
gene in adenocarcinoma and squamous cell carcinoma of the cervix: a 
systematic review. Gynecol Oncol 128: 442-448. 

36. Choschzick M, Hantaredja W, Tennstedt P, Gicscking F, Wolber L, et al. (201 1) 
Role of TP53 mutations in vulvar carcinomas. Int J Gynecol Pathol 30: 497- 
504. 

37. Bell DA (2005) Origins and molecular pathology of ovarian cancer. Mod Pathol 
18 Suppl 2:S19-32: S19-S32. 

38. Jones S, Wang TL, Shih I, Mao TL, Nakayama K, ct al. (2010) Frequent 
mutations of chromatin remodeling gene ARID 1 A in ovarian clear cell 
carcinoma. Science 330: 228-231. 



39. Liang H, Cheung LW, LiJ, Ju Z, Yu S, et al. (2012) Wholc-cxomc sequencing 
combined with functional genomics reveals novel candidate driver cancer genes 
in endometrial cancer. Genome Res 22: 2120—2129. 

40. Ho CM, lin MC, Huang SH, Huang CJ, Lai HC, et al. (2009) PTEN promoter 
mcthylation and LOH of 10q22-23 locus in PTEN expression of ovarian clear 
cell adenocarcinomas. Gynecol Oncol 112: 307-313. 

41. Soufir N, Qucillc S, Liboutct M, Thibaudcau O, Bachclier F, et al. (2007) 
Inactivation of the CDKN2A and the p53 tumour suppressor genes in external 
genital carcinomas and their precursors. Br J Dermatol 156: 448-453. 

42. Ulahannan D, Kovac MB, Mulholland PJ, Cazicr JB, Tomlinson I (2013) 
Technical and implementation issues in using next-generation sequencing of 
cancers in clinical practice. Br J Cancer %20;109: 827-835. 

43. Kandoth C, Schultz N, Cherniack AD, Akbani R, Liu Y, ct al. (201 3) Integrated 
genomic characterization of endometrial carcinoma. Nature 497: 67—73. 

44. Kinde I, Bettegowda C, Wang Y, WuJ, Agrawal N, et al. (2013) Evaluation of 
DNA from the Papanicolaou test to detect ovarian and endometrial cancers. Sci 
Transl Med 5: 167ra4. 

45. McCluggage WG, Sumathi VP, McBride HA, Patterson A (2002) A panel of 
immunohistochemical stains, including carcinocmbryonic antigen, vimcntin, 
and estrogen receptor, aids the distinction between primary endometrial and 
endoccrvical adenocarcinomas. Int J Gynecol Pathol 21: 11—15. 

46. LoyoM, Li RJ, Bettegowda C, Pickering CR, Frederick MJ, et al. (2013) Lessons 
learned from next-generation sequencing in head and neck cancer. Head Neck 
35: 454-463. 



PLOS ONE | www.plosone.org 



11 



March 2014 | Volume 9 | Issue 3 | e93451 



